The macadamia felted coccid, Eriococcus ironsidei (Williams) is an invasive pest of macadamia orchards that causes severe damage to the trees and reduces nut yield in Hawaii. Their feeding results in distortion and stunting of new growth, and with high population densities, dieback of entire branches may result. Ten macadamia orchards were sampled on the Hawaii island over a period of 18 mo to characterize the dispersion of the pest in the field, and to use those data as the basis for the development of a binomial sampling plan. Analyses based on Taylor's Power Law and Iwao's mean crowding index indicated an aggregated pattern of dispersion of the pest in the field. Curvilinear relationships between mean crawler density and the proportion of infested trees based on four tally thresholds (crawlers per unit area, T > 0, 5, 10, 20) were plotted. Results showed that a tally threshold T > 10 was the best predictor to model mean crawler density. Binomial sequential sampling plans based on three critical proportions of trees infested (0.40, 0.60, and 0.80) were developed. The adoption of a binomial sequential sampling plan for use in decision making can contribute to improve the management of E. ironsidei and optimize the number of samples needed to make decisions to control this pest.
Eriococcus ironsidei (Williams), the macadamia felted coccid, has been known as a pest of macadamia nut trees Macadamia integrifolia (Maiden & Betche) (Proteales: Proteaceae) in Australia since 1970 (Ironside 1970) . Adults and nymphs (crawlers) of the macadamia felted coccid are sap-suckers. Their feeding activity damages leaves, and branch dieback may occur when macadamia felted coccid population densities become high. The inflorescence may be distorted by feeding resulting fruit drop (Jones 2002) . There is substantial variability of yield loss caused by macadamia felted coccid, it will depend on location and by macadamia nut variety, thus it is difficult to propose a single action threshold (AT, Gutierrez-Coarite et al. in prep) .
In Australia, insecticidal oils are applied for macadamia felted coccid control; however, biological control by Metaphycus sp. (Hymenoptera: Encyrtidae) is usually sufficient in commercial settings there to prevent economic losses (Wright and Conant 2009 ). In Hawaii, macadamia felted coccid was recorded infesting macadamia trees in South Kona in 2005 (Conant et al. 2005) and by 2009 it spread throughout Hawaii island, with economically damaging infestations in many locations (Wright and Conant 2009 ). Macadamia felted coccid infests all above-ground parts of trees where they feed on the plant material and reproduce. Generally, macadamia felted coccid adults prefer to populate the lower branches and trunk of the tree; on leaves, females typically aggregate near mid-veins, and males mostly aggregate on the border of the leaves (Zarders and Wright 2016) . Macadamia felted coccid eggs are oviposited within the female felted sac where they develop, and crawlers hatch after 2-4 d. Generally, when crawlers have grown to approximately 0.4 mm, they have developed a felted sac covering their body within which they become adults (Zarders and Wright 2016) . The female macadamia felted coccid nymphal stage is completed after 29-36 d, after which the final instar settles as sessile form. Females may live longer than 50 d. Several generations are produced throughout the year and highest populations occur during the dry season in Hawaii (mostly from December to April). Macadamia felted coccid is usually controlled using insecticides (insect growth regulators) and horticultural oils (Wright and Conant 2009 Research macadamia felted coccid is sessile for most part of their life cycle and may not reflect the actual density.
The dispersion (spatial distribution within a habitat) of an organism provides the basis for developing sampling plans for management decision making (Pedigo 1994) . Populations of insect species may have aggregated, random, or uniform distributions, which are typically consistent for a species. Characterizing dispersion within a habitat can significantly influence the outcomes of sampling efforts made to quantify the populations, and the way that sampling is conducted to obtain estimates of relative pest density (Pedigo 1994) . Characterizing the dispersion of macadamia felted coccid and development of validated sequential sampling plans should, therefore, contribute to quantifying infestation levels, which will facilitate appropriate management decisions. Accurate sampling for field workers requires a monitoring system that is straightforward and easily implementable. Presence-absence sampling plans, based upon a tally threshold of zero, are frequently used by pest scouts owing to their ease of use, and efficient manner of collecting data. Despite the prevalence of zero-tally threshold sampling plans, binomial sequential sampling plans using tally thresholds greater than zero may provide increased precision and efficiency in sampling plans for some insects (Jones 1994, Boeve and Weiss 1997) . Developing a binomial sequential sampling method for macadamia felted coccid will contribute a protocol to quantitatively estimate the number of sample units required to estimate/characterize pest density, which will provide an improved approach to making pest management decisions, and reduce sampling effort required. Objectives of this study were to characterize the dispersion of macadamia felted coccid in macadamia orchards and develop a binomial sequential sampling plan to classify infestation levels of macadamia felted coccid.
Materials and Methods

Study Area
This study was conducted from July 2014 to December 2015 in the Pahala area of Hawaii island, the Big Island of Hawaii. Ten macadamia orchards were selected; each orchard had macadamia trees planted with the varieties '344' and '660' in alternating four-row sets. Trees were spaced 5.5 m apart within rows and 7.6 m between rows, and trees of both varieties were approximately 32 yr old with an average plant height of 12 m. Cultural practices were similar in all macadamia orchards sampled. Macadamia nuts were mechanically and hand-harvested, and some of the orchards had irrigation systems. Experimental orchards were not treated for any pest control during the entire length of the study.
Meteorological Conditions
Pahala has an annual mean temperature of 17°C, with a maximum of 29°C and a minimum of 8.9°C. The monthly average rainfall during the period of the study was 128.78 mm; spring and summer are typically the rainy season and low rainfall periods occur during fall and winter. However, during this study, winter and spring had lower rainfall than the rest of the year.
Data Collection
Infestations of macadamia felted coccid were monitored every month in ten orchards of approximately 1 hectare by randomly selecting and sampling 10 macadamia trees per field (a total of 100 trees sampled per month). Because macadamia felted coccid infest branches first rather than leaves and the crawler stage is the most active in the macadamia felted coccid life cycle, macadamia felted coccid crawler density on branches was used for quantifying the severity of infestation on macadamia trees. Two branches that had signs of adult macadamia felted coccid and easily accessible were selected from each tree, and a strip of bark around each branch was smoothed using a coarse grit sandpaper and cleaned of all insects. Double-sided sticky tape (1.27 cm width, 3M Center, St. Paul, MN) was wrapped around the cleaned area to trap moving crawlers. This process takes approximately 5 to 10 min per tree. One week later, tapes were retrieved and the number of trapped crawlers in 6.5 cm 2 per tape was recorded using a dissection microscope. Mean crawlers (MC) per 6.5 cm 2 (1 square inch) was calculated for each tree (average of the two branches), and mean crawler numbers and variance were estimated for each orchard at each sampling event.
Dispersion and Estimation of Population of Macadamia Felted Coccid
A total of 180 datasets, collected over 18 mo of observations were used to describe dispersion characteristics of macadamia felted coccid and develop a model based on binomial counts. Taylor's Power Law (TPL, Taylor 1961 ) and the mean crowding index (MCI) (Lloyd 1967) were used to analyze the dispersion characteristics of macadamia felted coccid. The TPL models the relationship between the population variance (s
2
) and the population mean (m) where
In this equation a is considered to be a factor of sampling scale and b is an index of aggregation that can be interpreted to describe dispersion characteristics of the study species. The coefficients a and b are estimated from linear regression analysis of the logarithmic form of equation 1:
Typically, more aggregated (clustered dispersion) populations of insects have a larger variance than mean; randomly dispersed populations have a variance that is smaller than the mean, and uniformly dispersed populations have variance equal to the mean density. Dispersion characterization of the pest in the field is fundamental to the development of effective sampling procedures; highly aggregated pests require very different sampling intensity (large sample number) than uniformly distributed pests (small sample number). In addition to the TPL analysis, Lloyd's MCI was used, which quantifies the level of competition among individuals (Lloyd 1967) , to confirm the dispersion pattern for macadamia felted coccid. The MCI, m* is estimated as:
where m is the mean density and s 2 is the variance. The linear relationship between MCI (m*) and the mean density (m) is derived from Iwao's equation (Iwao 1968) as:
The parameter ∞ describes the tendency to crowding and β indicates the dispersion pattern of individuals of the species, similarly to how b is interpreted in TPL analyses (Greco and Wright 2013) .
Estimation of Population Based on the Proportion of Infested Trees
Modeling the relationship between the crawlers density per sample unit (branches within trees) and the proportion of trees having '>T' number of (tally threshold) crawlers per sampling unit constitutes the initial step in the development of a binomial sampling plan. The curvilinear relationship between MC per 6.5 cm 2 and the proportion ( P T ) of trees having T > 0, T > 5, T > 10, and T > 20 of MC were examined based on the range of densities of macadamia felted coccid observed during the entire sampling period. A best fitting model was determined based on the simple linear regression equation (equation 5) proposed by Kono and Sugino (1958) and Gerrard and Chiang (1970) .
where ln(m) is the natural log of MC, ( a´) and ( b´) are regression coefficients (intercept and slope of the TPL regression line) and P T is proportion of trees having > T macadamia felted coccid per 6.5 cm 2 . The intercept ( a´) and slope ( b´) calculated from the best fitting general model were used to predict ln MC of independent data sets using P T . The independent data sets were taken from other ongoing studies on the commercial fields from the same geographical area. The reliability of predictions was assessed by regressing observed ln MC against predicted ln MC of independent data sets. The model was assessed as reliable for predicting ln MC from P T if the regression intercept (observed ln MC against predicted ln MC) did not significantly differ from 0 and the slope was not significantly different from 1 (Giles et al. 2000) .
Development of Binomial Sequential Sampling Plan
Binomial sequential sampling plan development was conducted and validated based on the Wald's sequential ratio test (Wald and Wolfowitz 1948) , classifying the population density either above (u) or below (l) a critical density:
where n is the number of sample units assessed and T (n) is the cumulative number of infested trees with at least T crawlers. The terms A, B, and S are standard functions of the type I (α) and type II (β) error rates and upper and lower boundaries of critical density of proportion of infested trees (Naranjo and Hutchison 1997) . A type I error is a decision to make an unnecessary pest management treatment and a type II error is failure decide to take necessary management action. All the datasets collected were used for statistical analyses and development of the sampling plan. However, because the individual datasets had only 10 observations, data from adjacent orchards were pooled together to get at least 30 to 40 observations of individual datasets per date. Thus, a total of 36 datasets were used for developing and validating the sampling plan. Using the computer program RVSP (Naranjo and Hutchison 1997) , four binomial sequential sampling plans that represent four arbitrary ATs in the form of critical proportions (CPs) of 0.40, 0.60, and 0.80 or 40%, 60% and 80% of infestation levels were developed. These higher proportions were used because macadamia felted coccid generally infests trees in high numbers and it is usual that most trees in an orchard have some degree of infestation. Besides CP, the program requires user-defined variables α and β, tally threshold T, minimum sample size and upper and lower boundaries of CP in terms of proportions. Both nominal error rates α and β were set at 0.1 and upper and lower boundaries of CP were set at ±0.1 of each CP. A tally threshold T > 10 was used for all the models because it described the population with highest precision. The program was set to run 500 iterations of resampling with a minimum sample size of 5 samples with replacement. The program calculates parameters (intercept and slope) for calculating upper and lower sequential stop lines, operating characteristic (OC) and average sample number (ASN) that is required to satisfy the sequential rule. Sampling plans were evaluated using the OC and ASN curves simulated by the program based on the field data. The OC is defined as the probability of not intervening, despite true pest density justifying action. The OC is estimated as the proportion of sampling repetitions in which the proportion of infested trees is below the lower sequential stop line. Sampling plans can be categorized as liberal or conservative based on the OC value at CP. A sampling plan is considered liberal if OC at CP is > 0.50, suggesting that no action is taken in excess of half of the sampling events when action should in fact be taken. The sampling plan is conservative when the OC value is < 0.50, suggesting that treatments would be applied more than half of the time when it is not justified by true pest density. An ideal sampling plan would have an OC value of 0.5 at CP.
Statistical Analysis
The PROC REG procedure in SAS 9.3 (SAS 2016) was used to model the log mean: log variance relationship, MCI and regressions to describe mean density: proportion relationships. PROC SGPLOT in SAS and the software SigmaPlot 14 (SYSTAT Software 2017) were used to plot graphs and to fit curves. The software RVSP (Naranjo and Hutchison 1997) which runs as a MS Excel Add-in, was used in the process of developing and validating binomial sequential sampling plans in this study.
Results
Dispersion of Macadamia Felted Coccid
Analysis of mean dispersion rates from 10 fields over a period of 18 mo yielded a range of densities of MC ranging from 2.65 ± 0.25 to 85.75 ± 13.96 per 6.5 cm 2 . Maximum density from these fields ranged from 19.19 to 1752.68 crawlers with a minimum value of 0 (Table 1) . There was a significant linear relationship between log variance and log mean density of crawlers (Fig. 1a) . The TPL coefficient b (regression slope), which characterizes dispersion characteristics of the pest in the field was significantly greater than 1 (b = 1.85; df = 1, 177; F = 741.96; P < 0.01) indicating an aggregated dispersion (Fig.1a) . Similarly, Iwao's regression showed a significant linear relationship between MC per 6.5 cm 2 and the MCI (Fig. 1b) . The coefficient β was significantly greater than 1 (β = 2.09, df = 1, 174; F = 214.68; P < 0.01) further confirming the aggregated dispersion (Fig. 1b) . 
Estimation of Population Density Based on the Proportion of Infested Trees
The curvilinear relationship between MC and the proportion of infested trees based on four tally thresholds (T > 0, 5, 10, 20) were plotted based on the observed range of MC (Fig. 2) . To determine the best predictor of MC based on the proportion of infested trees, ln MC was regressed against ln (−ln(1− P T T > ) where P T is the proportion of trees having an MC > T (Table 2) . A tally threshold T > 10 was found to be the best predictor to model MC based on the simple linear regression parameters (Table 2 ; Fig. 3a) . To validate the reliability of this model, the parameters ( a b ' ' ) and of the best fitting regression were used to predict ln MC of 117 unrelated data sets (Fig. 3b) . The resulting regression had an intercept (=0.01) not significantly different from 0 (df = 1, 115; F = 0.00; P = 0.95) and slope (=0.97) not significantly different from 1 (df = 1, 115; F = 0.15; P = 0.69) which suggested that the model was reliable for predicting macadamia felted coccid populations.
Binomial Sequential Sampling Plans
Three binomial sequential sampling plans based on three CPs (0.40, 0.60, and 0.80) were developed using the RVSP software. These proportions correspond to estimated mean densities of 15.23, 23.80, and 36.55 macadamia felted coccid crawlers respectively, based on the prediction obtained from equation 5. Each sampling plan was evaluated based on the OC and respective ASN curves. The OC value was less than 0.50 for a CP of 0.40 and 0.60 and close to 0.60 for a CP of 0.80. The nearest value (0.46) to the ideal OC value of 0.50 was obtained for the proportion 0.60 (60% infested trees with T > 10 MC). Based on the fitted ASN curves, the number of samples required to reach the sequential stop line rule was about 33 for CP of 0.40 and 0.60 and about 23 for CP of 0.80 (Fig. 4) . The slopes for the decision stop lines were higher for higher proportions suggesting that decision would be reached with a smaller sample size as the proportion of infested trees increases (Table 3 ). The binomial sequential stop line for a CP of 0.60 was plotted as a sampling guide (Fig. 5) . 
Discussion
Despite the fact that macadamia felted coccid is an invasive pest of macadamia trees in Hawaii, it is not a major pest in its native provenance, and there is a scarcity of published literature about the pest. This study documents its dispersion, range of population densities, methods for estimation of population density in the invaded range based on the proportion of infested trees, and binomial sequential sampling plans for making treatment decisions. Based on TPL and mean crowding regression parameters, the spatial distribution of macadamia felted coccid exhibits an aggregated or clumped dispersion pattern. Characterizing the dispersion of a species in the field is valuable for developing sampling plans. For example, systematic sampling might yield better estimates of population density compared to random sampling for species that exhibit an aggregated pattern (Madow 1946) . Biological characteristics of macadamia felted coccid likely mediate its aggregated dispersion. Short life cycle, high fecundity and sessile nature of adult females (Zarders and Wright 2016) probably contribute to the clumped distribution of this pest in the field. Also, it was observed that trees with sucker shoots had higher populations of this pest than trees with no sucker shoots; it seems that macadamia felted coccid prefer to colonize sucker shoots possibly due to the high availability of sap. The mean densities of macadamia felted coccid that causes die-back symptoms and economic injury are currently being studied.
In this study, most of the trees sampled had a mean density less than 100 macadamia felted coccid crawlers per 6.4 cm 2 , but higher densities were not uncommon (Fig. 1) . Counting this tiny insect in the field or lab is a laborious task, hence alternative methods for estimating its density are needed. It was demonstrated that the population density can be characterized with reasonable accuracy based on proportion of infested trees having more than 10 crawlers per 6.5 cm 2 .
Current management practices comprise applications of insecticides (e.g., pyriproxyfen and buprofezin), insecticidal oils and sanitation (removing sucker shoots and pruning lower branches). Insecticide treatments are currently applied when populations of macadamia felted coccid are high (e.g., approximately > 100 crawlers per 6.5 cm 2 ). The current study can be used to estimate macadamia felted coccid populations and determine with reliable accuracy whether a CP of trees are infested, by counting a fraction of macadamia felted coccid crawlers, thus reducing labor requirements substantially.
Binomial sequential sampling plans are aimed at reducing sampling effort by developing procedures to estimate whether a threshold has been exceeded, based on proportions of sample units infested with the target species. For example, Prager et al. (2014) presented binomial sampling plans for a range of levels of Bactericera cockerelli (Šulc)(Hemiptera: Triozidae) infestation, where the most conservative plan used an average of one psyllid per plant, (the equivalent of 27% infested plants), which required a maximum of eight samples to appropriately characterize the pest population density. Based on OC curves, Prager et al. (2014) showed that an intermediate plan based on an average of three eggs or nymphs per plant (57% infested plants) was optimal, requiring an average of 18 samples (to maximum of >100 samples). They recommend that >50 samples be collected prior to deciding whether to postpone to a future date, to continue sampling, or to apply a more conservative sampling plan. In their study, Prager et al. (2014) showed these time savings realized through the implementation of an appropriate binomial sampling plan were important as they release time to survey multiple fields. There are numerous other examples of the time-saving benefits provided by binomial sampling plans (e.g., Jones 1995) , and the selection of appropriate methods for detecting and counting the target species (e.g., Geiger and Daane 2001) . Depending on the objective -prediction of damage or total insect numbers for example, when developing a sampling plan, determines the type of measurement employed (Geiger and Daane 2001) . Decision systems based on binomial sampling plans usually seek an association between proportion of plants infested and EIL. Determining an appropriate tally threshold is also important and may depend upon season and stage of development of the crop (Giles et al. 2000) . For macadamia felted coccid, sample units (trees) can be categorized as infested or not-infested based on a tally threshold that adequately represents the population density. Binomial sampling plans tend to have lower precision than absolute counts, but often require significantly reduced labor input to implement while achieving comparably accurate pest population characterization. Binomial sampling is best suited to situations when counting the target insect is laborious and time consuming. Based on proven statistical principles, these models give reliable estimates of sample number required and probabilities of making correct or incorrect decisions. In the present study, from three sampling plans developed, the plan that was based on the CP of 0.60 sampling units infested gave the near ideal OC value of 0.50. A CP of 0.60 (60% trees infested) might appear to be a liberal threshold, but such densities are common in these orchards, and yield losses at lower densities may not be economically important (Gutierrez-Coarite et al. in prep) . The general idea is that a scout can sample macadamia felted coccid crawlers from randomly selected macadamia trees (about 10 trees per Ha) and calculate cumulative number of trees having more than 10 crawlers (MC). The sticky tapes would need to be placed on about 30-40 trees selected on a grid pattern but counting of crawlers on the sticky card needs to be done in the lab because of their microscopic size. The counting could be stopped if the cumulative number of trees having more than 10 crawlers crosses the upper stop line and a treatment decision can be made after inspecting 5 or 10 samples, and likewise, if the cumulative number falls below the lower stop line. Other combinations of tally threshold-CPs might be possible and can be investigated in future research once the relationship between mean density of EIL and economic damage in macadamia nuts is fully understood. An alternate approach would be to sample new adults that settle on a unit area of the bark that was sanded and cleaned couple of weeks in advance (considering the time required for crawlers to form to sessile adults). This would probably eliminate the need for sticky cards and microscopes. This approach could be addressed in future research. Yield evaluation at different levels of macadamia felted coccid infestation is currently being assessed to develop an economic threshold for macadamia felted coccid (Gutierrez-Coarite et al. in prep) . Multiple generations of macadamia felted coccid were observed throughout the different seasons of the year, and this needs to be considered when sampling the populations. It is important to monitor macadamia felted coccid populations during summer months since this is the season where macadamia felted coccid populations tend to increase twofold compared with other seasons.
The adoption of a binomial sequential sampling plan for pest management decision making has the potential to contribute to improved and more sustainable management of macadamia felted coccid based on the data collected, and will likely optimize the sampling intensity needed for decisions to control macadamia felted coccid. At the same time, the sampling plan provides a method for the estimation of macadamia felted coccid abundance with pre-determined precision, providing investigators with a useful tool for macadamia felted coccid population studies in macadamia nut orchards. Integration of pest management methods starting with sampling and decision making to apply a treatment method only when justified should be a primary approach to protect macadamia orchards from macadamia felted coccid damage. 
